Lactobacillus brevis PCM 2570 is a strain of lactic acid bacteria, i.e. probiotic bacteria whose major fermentation product is lactic acid. The efficiency of lactic acid production is limited by the value of ambient pH. This study aimed to increase the survival of this bacterial strain at a reduced pH (3.9), which would result in an increased yield of lactic acid fermentation. In our experiment the survival rate of probiotic bacteria L. brevis PCM 2570 was increased 1.2-fold to 6.96-fold due to the presence of Fe 3 O 4 magnetic nanoparticles, as compared to the control. The minimum concentration of nanoparticles with a positive effect was 8 mg/ml, but the optimum concentration was 20 mg/ml.
INTRODUCTION
The major fermentation product of the investigated strain of probiotic bacteria L. brevis PCM 2570 (Polish Collection of Microorganisms, Wrocław, Poland) is lactic acid. This acid is important for the packaging industry, as a precursor of compounds (San-Martin et al. 1992) , and also for the cosmetic (Gao et al. 2011 ) and pharmaceutical industry (Bai et al. 2004) . Nevertheless, it is used most commonly in the food industry, for production of yogurt, kefir, soured milk, and cheese (Salminen et al. 1993) .
Lactic acid, however, is also an important factor in environmental stress during the fermentation. The growth of lactic acid bacteria (LAB) depends upon the pH value of their environment. The minimum value of pH for Lactobacillus spp. is 3.8-4.4 (Piard & Desmazeaud 1991 ). An increase in LAB survival rate at the lower pH is of great importance in various industries, as it would result in more efficient lactic acid production.
Previous research has focused on the impact of various stress factors on LAB survival, including the influence of pH (de Angelis & Gobetti 2004) . Other studies were concerned with investigation of microbial adaptation to low pH (Sánchez et al. 2007 ), tolerance to low pH (Senouci-Rezkallah et al. 2011) or clarification of the mechanism of intracellular pH (pH i ) homeostasis (Baker-Austin & Dopson 2007; Zhang el al. 2013; Kirsch 2014) .
Our earlier research team (Jurkowski et al. 2015 ) demonstrated the positive effect of Fe 3 O 4 nanoparticles on survival of Lactobacillus acidophilus PMC 2499 at a lowered pH. In the present study, Fe 3 O 4 nanoparticles were used to improve the survival of L. brevis PCM 2570 at pH 3.9.
MATERIAL AND METHODS

Synthesis and characterization of Fe 3 O 4
Fe 3 O 4 nanoparticles were synthesized and investigated according to Jurkowski et al. (2015) , with the use of transmission electron microscopy, atomic force microscopy, and X-ray diffraction.
Experiment A: effect of time of incubation with Fe 3 O 4 nanoparticles
The influence of nanoparticles on survival was tested in Lactobacillus brevis PCM 2570 cultures at a lower pH. For 24 h a starter culture of L. brevis PCM 2570 was incubated in MRS broth (Merck) at pH 5.6. Next, 96% acetic acid (POCh, Poland) was used to lower the pH of fresh MRS broth to 3.9. Then, 0.1 g of Fe 3 O 4 nanoparticles and 1 ml of the 24-h starter culture were added to tubes containing 4 ml of this medium. The samples were incubated at 35°C for 0.5, 1.0, 1.5, 2.0 or 2.5 h. For each time variant, a control culture without Fe 3 O 4 nanoparticles was established. After incubation, diluted samples were transferred to MRS agar (pH 5,6) in Petri dishes and incubated at 37°C for 48 h. Finally, colonies were counted to estimate the number of colony forming units (CFU) per ml for each variant. The experiment was performed in triplicate. The results were analysed statistically using Student's t-test.
Experiment B: minimum and optimum concentration of Fe 3 O 4 nanoparticles
Like in the previous experiment, for 24 h a starter culture of L. brevis PCM 2570 was incubated in MRS broth at pH 5.6. Next, 96% acetic acid was used to lower the pH of fresh MRS broth to 3.9. Then, 0.18, 0.16, 0.14, 0.12, 0.1, 0.08, 0.06, 0.04, 0.02, and 0 g of Fe 3 O 4 nanoparticles and 1 ml of starter culture were successively added to tubes containing 4 ml of this medium. After incubation at 37°C for 45 min, diluted samples were transferred to MRS agar (pH 5.6) in Petri dishes and incubated at 37°C for 48 h. Finally, colonies were counted to estimate CFU/ml for each variant. The experiment was performed in triplicate. The results were analysed statistically using Student's t-test.
RESULTS
Transmission electron microscopy and atomic force microscopy
Due to magnetic attraction between nanoparticles, agglomerates were observed. Their mean size was 17-20 nm. Several nanoparticles with different diameters were imaged and a few representatives were marked at a cross-section (diameter 10-35 nm, Fig. 1 ). 
X-ray diffraction (XRD)
The XRD peaks correspond well to magnetite Fe 3 O 4 (JCPDS file no. 00-011-0614), indicating that the sample has a cubic crystal system. The calculated mean diameter of obtained nanoparticles is 21 nm (Fig. 2) .
Effect of time of incubation with Fe 3 O 4 nanoparticles
Bacterial growth was observed for samples with and without Fe 3 O 4 nanoparticles (Table 1 ). The survival rate of strain PCM 2570 decreased with time during 2.5 h of incubation both with and without Fe 3 O 4 nanoparticles, but was markedly lower for the control samples (Fig. 3) . Table 1 indicates the ratio of survival of bacteria with Fe 3 O 4 nanoparticles to survival without nanoparticles in each time variant.
Minimum and optimum concentration of Fe 3 O 4 nanoparticles
In the bacterial cultures with up to 40 mg Fe 3 O 4 /ml, colony growth was observed and the colonies were counted. The minimum concentration of nanoparticles with a significant positive effect was 8 mg/ml (Table 2 ) but the survival rate of strain PCM 2570 was the highest for cultures with 20 mg Fe 3 O 4 /ml (Fig. 4) . 
DISCUSSION
Studies using nanoparticles were commonly concerned with the antibacterial effect of gold and silver nanoparticles (Moritz & Geszke-Moritz 2013; Jena et al. 2014; Saravan et al. 2018) . The first research performed to overcome the harmful effects of stress factors with the use of nanoparticles was conducted by our earlier research team (Jurkowski et al. 2015) . We then observed a positive effect of Fe 3 O 4 nanoparticles on the survival of L. acidophilus PCM 2499 at a low pH. During the cultivation of L. acidophilus under the reduced pH, a higher survival rate of bacteria was observed for all samples with Fe 3 O 4 nanoparticles than in the control group.
This study shows a positive effect of Fe 3 O 4 nanoparticles on the survival of another strain of probiotic bacteria, L. brevis PCM 2570, at a low pH. Bacterial survival increased with increasing incubation time (trend line y = 2.2054 x), from 1.2 to 6.96-fold, as compared to the control group. Results of Student's t test show that the minimum concentration of nanoparticles having a positive effect was 8 mg/ml, while the optimum concentration of nanoparticles, above which no longer a positive increase was observed, equalled 20 mg/ml. The earlier study on Fe 3 O 4 nanoparticles (Jurkowski et al. 2015 ) demonstrated for L. acidophilus PCM 2499 that survival rate increased from 1.3 to 10-fold, relative to the control, and the minimum concentration of nanoparticles having a positive effect was 4 mg/ml. Thus the results for L. brevis were less favourable than results for L. acidophilus, which suggests the necessity for further research with other probiotic bacteria.
In traditional technologies, the lactic acid produced during fermentation is neutralized with calcium carbonate or calcium hydroxide. Then calcium lactate is crystallized and then hydrolysed with sulfuric acid to isolate lactic acid from the postfermentation solution (Datta & Henry 2006) . The use of Fe 3 O 4 nanoparticles during lactic acid fermentation instead of calcium carbonate or calcium hydroxide may facilitate and increase the efficiency of the process. However, lactic acid productivity of L. brevis PCM 2570 growth by Fe 3 O 4 nanoparticles needs to be confirmed in further studies.
